The SKALPEL-ICT project (Simulation Kernel Applied to the Planning and Evaluation of Image-guided Cryotherapy) aims at the developing of a virtual environment for the simulation of liver cancer cryotherapy. This simulator will mainly be used to plan the configuration and the positioning of the cryo-probes for an image-guided cryo-surgical intervention. Moreover, the prototype of the simulator will constitute an excellent training tool for future surgeons. The design of a simulator of this type involves several challenges related to the multidisciplinary nature of the project, which imposes the use of a modular approach. Presently, we are developing simultaneously three parallel models in the SKALPEL-ICT project: the thermal model associated with the prediction of the temperature of an ice-ball, the geometric model associated with the 3D reconstruction of hepatic tumours and the mechanical model which reproduces the real deformations of the liver and force feed-back during the cryo-probe insertion process. The final phase of the project is to deal with the integration of these three models into a virtual environment using an interaction-centric modeling approach.
Introduction
The virtual environment technologies offering support for medical applications are mainly designed for diagnosis, education, training, and rehabilitation. Whereas surgical training traditionally involves one-on-one experiences following a master-apprentice model, virtual environments dedicated to surgery simulation allow the trainees to learn new procedures, practice skills several times, and eventually assess their level of competence before they operate on real patients. Moreover, the rather recent development of minimally invasive interventional techniques (endoscopy [1] , eye surgery, cryotherapy etc.) triggered an increased interest in the area of computer-based medical simulators. This paper describes the development of a virtual environment for the simulation of liver cancer cryotherapy. This simulator will be used to plan the configuration and the cryo-probes for an image-guided cryo-surgical intervention, and to visualize the thermal information corresponding to the intra-operative freezing process as well. Moreover, the prototype of the simulator will constitute an excellent training tool for future surgeons. The design of a simulator of this type involves several challenges related to the multidisciplinary nature of the project, which imposes the use of a modular approach. The following three sections of this paper describe the geometric model associated with the segmentation and 3D reconstruction of hepatic tumours, the mechanical model which reproduces the real deformations of the liver and force feed-back during the cryo-probe insertion process, and the thermal model associated with the prediction of the temperature inside the growing ice-ball. Section 5 gives details about the final integration of these three models into a dynamic virtual environment. The last section of this paper outlines the conclusions of our research.
Geometric modeling

Segmentation
The database for the geometric modeling consists of axial, saggital and coronal sequences of 2D magnetic resonance images corresponding to parallel and equidistant anatomical slices. In every acquisition plane, a large difference is noted between the horizontal intra-slice resolution (ca. 1.56 mm) and the vertical inter-slice resolution (ca. 10 mm). This difference cannot be minimized during the acquisition process, due to the respiratory motion artefact and to technical limitations. Therefore, 3D segmentation approaches are not reliable in our case and we must consider 2D segmentation techniques. We concentrate on two particular features of abdominal MRI data. The first one is the inhomogeneous texture of the liver tumours at a certain stage of their evolution (see Figure 1 ). For instance, large-sized liver tumours develop a lobular appearance due to the aggregation of several small-sized lesions surrounded by edema. The second feature is the non-uniform sharpness of the tumour boundary which may contain sharp segments alternating with "blurred" segments (see Figure 1 ). Due to infiltration into surrounding tissues, malignant liver lesions often present contours that do not reveal a clear-cut transition. To detect the region of interest, we create an isolabel tumour contour map using a multi-threshold technique and a similarity measure for the contours (see Figure 1b) . In order to extract the isolabel contour map of the tumour, we need a minimum amount of information about its location in the liver. The radiologist is asked to select one single reference pixel located inside the tumour. Tumours with "blurred" contours of variable sharpness are detected with a pixel aggregation algorithm based on local texture information [2] (see Figure 1c) . 
Reconstruction
Segmentation results are input data for a custom 3D reconstruction algorithm [3] , which combines shape-based interpolation and contour-based extrapolation (see Fig. 2a Simulating the deformations during the cryo-probe insertion on the reconstructed tumour mesh; e)Five independent experimental measurements of forces during the compression of an ex vivo deer liver sample by a biopsy needle (light grey curves), and simulated forces on the reference mesh and on a reconstructed 3D tumour model. f) Mechanical law derived from experimental characterization.
Mechanical modeling
Our mechanical model is based on the finite element based tensor-mass algorithm [4] , which computes forces from a combination of local stiffness tensors attached to every mesh element. These tensors depend only on the mesh geometry at rest, and on the mechanical properties of the tissue. Therefore they can be computed in a preliminary step, while computation in the actual simulation is limited to a linear combination of stiffness matrices and displacement vectors, meeting real-time constraints. As shown in [5] , it is possible to extend the linear tensor-mass model for simulating different types of non-linear and visco-elastic mechanical properties.
The first results were obtained using meshes consisting of a regular assembly of cubic elements (see Figure 2c) . The same mechanical model can be applied on a non-uniform mesh derived from a reconstructed 3D tumour model (see Figure  2b ). The mechanical tissue properties used for testing were obtained from experimental in vitro compression on deer liver membrane by a biopsy needle, since no in vivo mechanical data of liver tumour could be measured so far. Although differences can be observed between the two simulations due to the different mesh geometries, accordance between experimental data and both simulations can be considered satisfactory. Due to the thin tumour geometry (approximately 8 mm in thickness), forces on the tumour mesh tend to increase more slowly at higher deformations, as it becomes almost entirely pierced. This comparison shows that the proposed mechanical model can be successfully applied to variable geometries. Figure 2e presents five independent experimental force measurements, as well as the simulated force on the reference mesh used to fit our model parameters, and the simulated force computed on the non-uniform tumour mesh. Compression speed was in all cases constant at 10 mm/s. The tissue model derived from these measurements was highly non-linear. Figure  2f shows the non-linear function introduced into the tensor-mass model to account for these properties. For low deformations the Young modulus was E = 3600 Pa, and the Poisson coefficient was kept constant at ν = 0.4. Figure 2d shows several deformed mesh configurations at different time steps.
Thermal modelling
When performing the cryo-surgical intervention, the surgeon must precisely determine the extent of cell destruction induced by the cryogenic probes. Obviously, the goal is to entirely destroy the malignant tissue while avoiding to harm adjacent healthy tissue. While, temperatures between -40°C and -60°C are considered to be effective lethal temperatures for a wide range of in vitro and in vivo tissues [6] , magnetic resonance does not exist below 0°C.
Due to the lack of accurate thermal information during MR image-guided cryotherapy procedures, the hold time and the number of freeze/thaw cycles are in most of the cases estimated empirically. The goal of the thermal module is to enhance real-time MR images with quantitative data on the growth rate of the iceball volume and tissue temperature during the procedure. This additional information should provide a better control of the cryo-surgical intervention, since it enables the quantification of the effect of a chosen freeze-thaw cycle.
The most straightforward mapping of the thermal evolution during cryo-surgery implants a set of thermosensors at specific landmarks. While this approach provides a direct reading of local temperatures, the spatial resolution of its measurements is significantly coarse. In contrast, MRI combined with the energy equation of the freezing process can be used to compute the thermal map.
We have developed a simple analytical method [7] , which uses experimental measures and numerical processes to compute thermal maps with good spatial and thermal resolutions. The temperature estimation procedure contains the following four main steps. 1) Image processing. Images acquired during the freezing cycle are subtracted from a reference image and normalized afterwards. This scaling is used for emphasizing intensity variations inside the growing iceball region.
2) Intensity-to-Temperature Correlation. The relationship was directly measured between the normalized intensity of the MR signal and the temperature of a given location within the iceball by means of thermosensor readings.
3) Intensity and thermal segmentations. The volumes and diameters of the iceball are extracted from the normalized images and are afterwards represented as functions of time and intensity. The straightforward conversion from intensity to temperature allows to substitute one for the other in the distributions. 4) Regressions in Time and Thermal Domains. The volume and diameter distributions are extrapolated to lower temperatures using two simple regressions in time and temperature domains respectively. Thus, it is possible to estimate temperatures at any time and at any distance away from the probe. Figure 3 shows the measured and predicted temperatures at two different distances (5mm and 8 mm) from the cryoprobe axis in ex vivo pig liver.
Modular integration based on the APIA approach
The final integration phase of the project uses a task-oriented simulation framework, namely the Actor-Property-Interaction Architecture (APIA) [8] .
APIA implements a new paradigm named Interaction Centric Modelling that allows a flexible design of virtual entities and their physical behaviours, such as viso-elasticity, dry friction during needle insertion, etc. Figure 4 illustrates an example using APIA in a virtual cryo-surgery context. In such a virtual world, a surgeon can make an incision with a scalpel or freeze the liver with a cryoprobe. The Cut interaction operates between the Cutable character and the Force Generator character, while the Freeze interaction occurs between a Heat Sensitive character and a Heat Generator character. These characters group some properties required by the interaction. An actor will own all the properties of inherited characters. Since the dependency between instantiated entities is generic, it is possible for the liver to inherit from a Heat Generator character and therefore take into account the fact that the liver is itself a heat generator. 
Conclusions
It is widely recognized that the simulation of surgery through realistic Augmented Reality (AR) environments offers a safe, flexible, and cost-effective solution to the problem of planning the treatment procedures as well as in training surgeons in mastering highly complex manipulations. In this context, SKALPEL-ICT represents a unique immersive and interactive augmented reality simulation environment for the MRI-guided cryotherapy of liver. SKALPEL-ICT addresses the simulation of two cryosurgery steps: i) the viscoelastic behavior of the tumor during the insertion of a virtual cryoprobe and ii) the freezing process when the cryoprobe is activated. These simulations imply that a 3D geometric model of the tumor is available. This model is reconstructed from segmented tumour slices in MR images. Unlike most simulation environments based on scene graphs, SKALPEL-ICT implements a physically-oriented simulator based on the concepts of actors, properties, and interactions. Actors are described by properties and interact with each other through interaction objects.
